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Detecting the transmission phase of a quantum dot via interferometry can reveal the symmetry of
the orbitals and details of electron transport. Crucially, interferometry will enable the read-out of
topological qubits based on one-dimensional nanowires. However, measuring the transmission phase
of a quantum dot in a nanowire has not yet been established. Here, we exploit recent breakthroughs
in the growth of one-dimensional networks and demonstrate interferometric read-out in a nanowire-
based architecture. In our two-path interferometer, we define a quantum dot in one branch and
use the other path as a reference arm. We observe Fano resonances stemming from the interference
between electrons that travel through the reference arm and undergo resonant tunnelling in the
quantum dot. Between consecutive Fano peaks, the transmission phase exhibits phase lapses that
are affected by the presence of multiple trajectories in the interferometer. These results provide
critical insights for the design of future topological qubits.
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I. INTRODUCTION
Similar to a light wave, an electron wave acquires a
phase when interacting with a scattering centre. Study-
ing this effect requires an interferometer with phase-
coherent transport such as semiconducting or metallic
rings [1–3]. In these nanostructures, the phase difference
between the two paths (∆ϕ) can be tuned by a magnetic
flux via the Aharonov-Bohm (AB) effect:
∆ϕ = 2pi
ΦB
Φ0
(1)
with ΦB the magnetic flux through the interferometer
and Φ0 = h/e the flux quantum.
When the scattering centre is a quantum dot (QD), as
depicted in Fig. 1a, the transmission phase ϕ provides in-
formation complementary to the transmission probability
T = |t|2, with t the transmission amplitude t = √T eiϕ.
It can reveal insights into microscopic details of elec-
tron transport and into the spatial symmetries of the
orbitals [4–7].
Recently, theoretical proposals suggested using interfer-
ometry as a read-out method of topological qubits, where
quantum information is encoded in the electron parity
of Majorana modes in semiconducting-superconducting
nanowires [8–14]. Here, opposite qubit states are char-
acterised by different transmission phases similar to the
mesoscopic phase behaviour observed in few-electron
quantum dots (Fig. 1b) [15–18]. When Majorana modes
are absent, the phase is expected to exhibit the univer-
sal behaviour detected in many-electron quantum dots.
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FIG. 1: Mesoscopic and universal phase behaviours. a The
minimum setup to study the transmission phase via a quan-
tum dot (in light green) is a two-path interferometer. b,
c Transmission phase ϕ and probability T as a function of
the electron number nel in a quantum dot. A Breit-Wigner
function describes each of the resonances (in grey). b The
mesoscopic regime: phase plateaus in the Coulomb valleys
appear at 0 and pi. c The universal regime: phase lapses
occur between transmission resonances.
In these systems, abrupt phase lapses break the simple
parity-to-phase relation (Fig. 1c) [5, 18–22].
Despite the critical application in topological qubits, the
phase read-out of a quantum dot in a nanowire interfer-
ometer has not been demonstrated yet. While pioneer-
ing works employed two-dimensional electron gases [18–
20, 22], here we take advantage of the recent advances in
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2the growth of nanowire networks [23, 24] and demon-
strate interferometric read-out of a quantum dot de-
fined in a nanowire. Our findings provide crucial in-
sights for future topological qubits based on hybrid one-
dimensional nanowire systems.
II. RESULTS
A. Cotunnelling Aharonov-Bohm interference
Our device is shown in Fig. 2a and consists of a
hashtag-shaped network of hexagonal InSb nanowires of
high crystalline quality [24]. In the top-right arm, nega-
tive voltages (VT1 and VT2) on the top gates, T1 and T2,
create two tunnel barriers that define an X-shaped quan-
tum dot (pink region). The voltage on the plunger gate
PG (VPG) tunes its electron occupation. Likewise, the
transmission in the bottom-left branch – the reference
arm – can be varied from pinch-off to the open regime
by adjusting the voltage VRG on the reference gate (RG).
The p-doped-Si/SiOx substrate allows global back-gate
(BG) functionality. A DC bias voltage with a small AC
excitation, VSD + δVAC, is applied between source and
drain, yielding a current I + δIAC. Both the DC cur-
rent and the differential conductance G = δIAC/δVAC
are measured in a dilution refrigerator with an electron
temperature of Tel ∼ 35 mK at its base temperature.
When the QD is not defined, the conductance at zero
bias voltage displays Aharonov-Bohm oscillations as a
function of the magnetic field perpendicular to the sub-
strate (B⊥) with period ∆B⊥ ∼ 16 − 20 mT (Fig. 2b).
This periodicity corresponds to a loop area of Φ0/∆B⊥ ∼
0.21− 0.26µm2, which is consistent with the actual area
of the device of ∼ 0.23µm2 measured up to the centre of
the nanowires.
When the quantum dot is defined, we adjust the plunger-
gate voltage between two resonances, as indicated by the
red arrow in Fig. 2c, where the horizontal axis is the
QD electrochemical potential (EQD = e · α · VPG, with
α the lever arm and e the electron charge). In this
regime, the electron-electron repulsion in the dot sup-
presses the current almost completely, which is known
as Coulomb blockade. Transport is then allowed only
via virtual, higher-order processes. At zero bias, elastic
cotunnelling is predominant and its phase coherence is
critical for parity-protected read-out schemes of Majo-
rana wires [13, 14].
When we balance the current distribution in the two arms
of our device, the AB oscillations in the cotunnelling
regime become visible with an amplitude of ∼ 20− 30%
of the average conductance (Fig. 2d). The large vis-
ibility demonstrates that cotunnelling across the large
Coulomb-blockaded dot is phase-coherent, fulfilling a
fundamental requirement of future parity read-out cir-
cuits.
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FIG. 2: Aharonov-Bohm oscillations in an InSb nanowire net-
work. a False-colour scanning electron micrograph of the de-
vice: in red the nanowire network, in gold the leads, in orange
the gates and in pink the quantum dot region. An additional
illustration and a schematic of the device are shown in the
Methods. b Conductance at zero bias voltage G(VSD = 0)
as a function of the perpendicular field B⊥ in the open
regime (i.e., with no QD defined) manifesting AB oscillations.
c G(VSD = 0) vs. EQD (the dot electrochemical potential)
when the quantum dot is defined. d G(VSD = 0) vs. B⊥
when the dot is in the cotunnelling regime (cf. Coulomb val-
ley indicated by the red arrow in panel c).
B. From Coulomb to Fano resonances
In order to characterize the quantum dot, we first pinch
off the reference arm. The green trace in Fig. 3a displays
a series of nearly equally spaced conductance peaks stem-
ming from tunnelling via the dot. Their separation is
also known as the addition energy and arises from two
effects: the quantum confinement and the Coulomb in-
teraction [25]. In a large dot, the second effect dom-
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FIG. 3: From Coulomb to Fano resonances. a Differen-
tial conductance G as a function of EQD with the reference
arm fully pinched-off (green trace), partially conducting (blue
trace) and transparent (orange trace). Dashed lines are best
fits. Inset: Fano parameter F = tref/
√
JLJR, averaged across
four peaks in each of the three regimes. b, c G versus EQD
and VSD in the first and second regime, respectively. The blue
line-cut in c is taken at EQD = 0.32 meV, the blue values on
the horizontal axis refer to conductance G in 2e2/h. In b, Ec
indicates the charging energy (at the apex of the diamond)
and δ denotes the level spacing due to quantum confinement.
inates over the first, leading to a series of peaks that
are equidistant [25, 26]. From the bias spectroscopy
in Fig. 3b, we estimate the Coulomb charging energy
Ec = e
2/C ∼ 0.35 − 0.45 meV (with C the overall
capacitance) and the level spacing due to confinement
δ ∼ 0.020 − 0.035 meV. We evaluate the first parameter
from the size of the diamonds in bias voltage, and the
second from the separation between the lines that con-
fine the Coulomb diamonds and the lines that are due
to the excited states. The large ratio of Ec/δ  1 in-
deed arises from the large size of the dot, which is de-
signed to be comparable with the typical micron-long
semiconducting-superconducting dots of near-future ex-
plorations [27–29]. Assuming a typical open-channel elec-
tron density of 2 · 1017 cm−3 [30] and the dot volume of
1.4 ·10−2 µm3, we estimate the maximum number of elec-
trons on the QD to be ∼ 1− 3 · 103.
We now start to activate transport in the reference arm.
Upon increasing its transparency, the Coulomb peaks
first evolve into the asymmetric peaks of the blue trace
and then into the dips in the orange one of Fig. 3a. The
variation of their line-shapes stems from the Fano effect,
a phenomenon observed in multiple contexts in physics:
from Raman scattering [31, 32] to photon absorption
in quantum-well structures [33, 34], from transport in
single-electron transistors [35] to Aharonov-Bohm inter-
ferometers [36–41].
The effect originates from the interference between two
partial waves: one is undergoing a resonant scattering
and the other is travelling through a continuum of states.
In our experiment, the first is mediated by the discrete
dot spectrum provided by Coulomb blockade and confine-
ment, and the second by the continuum of the density of
states in the reference path. Bias spectroscopy with the
reference path being partially conducting – similarly to
the blue trace in Fig. 3a – shows Fano peaks extending
into the Coulomb valleys at VSD ∼ 0 mV (cf. black ar-
rows in Fig. 3c). To the best of our knowledge, this is
the first observation of Fano physics in a nanowire-based
interferometer.
To distinguish the three regimes of Fig. 3a, we fit the line-
shapes of the peaks using a generalized Fano model [37].
The relevant ingredients are the coupling terms between
the dot and the two leads (JL and JR), the transmis-
sion through the reference arm (tref) and the magnetic
flux through the ring (ΦB). A schematic illustration and
more information are shown in the Methods and the re-
sult of the fits are listed in Supplementary Tables 1-3.
We extract the Fano parameter F = tref/
√
JLJR from
each peak (or dip). The inset of Fig. 3a shows that the
averages of F across each trace extend over three orders
of magnitude, reflecting the large tunability of the device.
C. The universal phase behaviour
Upon sweeping the magnetic field, the Fano line-shapes
vary periodically owing to the Aharonov-Bohm effect. In
particular, Fig. 4a shows that two adjacent Fano reso-
nances evolve in-phase.
We use the model described above to fit both peaks as
a function of magnetic field, and we illustrate the result
in Fig. 4b. The model captures well the main features of
the experimental data, and the good agreement is visi-
ble in the line-cuts presented in Fig. 4c. Here, the three
traces are taken at the positions denoted by the black,
red, and green lines in both panels a and b. A pi-shift
in the AB oscillations is visible between both the black
and red as well as the red and green traces. The com-
plete evolution of the phase ϕ as a function of EQD is
extracted by tracking the maximum of the AB pattern
and shown in the top panel of Fig. 4d. In the bottom
panel, we present horizontal line-cuts of Figs. 4a and 4b
at the positions indicated by the coloured lines.
Here, we observe two main features: a phase variation
of pi at the resonances over an energy scale similar to
the broadening of the peaks, and a phase lapse in the
Coulomb valley. These are distinctive features of the
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FIG. 4: The universal phase behaviour. a G versus EQD and
B⊥ at zero bias voltage, describing the evolution of two ad-
jacent Coulomb peaks as a function of magnetic field. Data
are taken at back-gate voltage VBG = 1.5 V. b Fit of the data
in panel a. c Solid and dashed traces are vertical line-cuts
from panels a and b, respectively, indicated by black, red,
and green lines. The three pairs of curves are displaced by
an offset of 0.15 · 2e2/h for clarity. d Bottom panel: solid
and dashed lines are horizontal line-cuts of panels a and b,
respectively, at the positions indicated by the blue/black and
red/grey lines. Top panel: transmission phase ϕ extracted
from the AB pattern. The shaded region indicates the error
bars that stem from the uncertainty in extracting the oscilla-
tion maxima that is ∼ 1− 2 mT.
universal phase behaviour and are consistent with the in-
phase evolution of the two adjacent CPs in Fig. 4a [5, 18–
21]. The observation of the universal rather than the
mesoscopic behaviour can be explained by taking a look
at the energy scales of the transport. In our measure-
ment, the typical dot coupling energy (Γ =
√|JLJR| ∼
0.1 meV) is a few times larger than the level spacing in the
dot (δ ∼ 0.02− 0.035 meV). Therefore, tunnelling occurs
via multiple dot-levels, a condition for which theory pre-
dicts the observation of the universal behaviour [5, 21].
Because previous experiments focused on the single-level
regime (Γ < δ) [18–20] and in the crossover (Γ ∼ δ) [22],
finding both phase lapses and phase plateaus, our inves-
tigation in the fully multi-level regime (Γ  δ) seems to
complete the complex dot-interferometry puzzle.
D. Multi-path transport effects
In the following, we highlight that an optimal read-out
of the transmission phase requires an interferometer close
to the one-dimensional limit in the sense that it shoud
comprise thin nanowires enclosing a relatively large hole.
For a gate configuration different from the previous
regime, the transmission phase varies smoothly between
several pairs of adjacent CPs. Here, the phase displays
a behaviour in between the universal and the meso-
scopic regimes (Fig. 5a). The two configurations dif-
fer in the back-gate voltage that has been lowered from
VBG = 1.5 V in Fig. 4 to VBG = −1.5 V in Fig. 5. Volt-
ages on the tunnel gates are also re-adjusted to retain a
similar transmission, whereas the plunger gate remains
at VPG ∼ 0 V. We estimate a reduction of the electron
density by no more than ∼ 20% compared to the first
case, leaving the dot still in the many-electron regime
(see Supplementary Figure 2).
In Fig. 5a, we show a color map of G vs. EQD and B⊥,
exhibiting the evolution of 4 CPs. The red features in
the cotunnelling regions oscillate as a function of B⊥ ow-
ing to the AB effect. Several vertical line-cuts are shown
in Fig. 5c. The maxima of the AB oscillations around
B⊥ ∼ 0.68 T are converted into transmission phase via
the magnetic field period (here ∆B⊥ = 19 mT) and dis-
played in the top panel of Fig. 5d. In the bottom panel
of Fig. 5d, we show a horizontal line-cut taken at the
position indicated by the blue line in Fig. 5a. Similar
to the data in Fig. 4, the phase exhibits a ∼ pi variation
concomitant with the peak in the conductance. However,
the phase lapse in the Coulomb valley is replaced by a
smooth evolution. This slow phase variation is not uni-
versal, but depends on the specific gate setting.
We interpret this anomaly as a consequence of the rela-
tively large width of the nanowires (∼ 100 − 150 nm).
Microscopically, we speculate that consecutive charge
states might not couple to the same loop trajectory. The
presence of at least two paths gives rise to beatings in
the magneto-conductance that conceal the evolution of
the transmission phase [37]. Our interpretation is well-
supported by the large width of the Aharonov-Bohm
peak in the Fourier spectrum shown in Supplementary
Figure 3.
While in reality multiple trajectories could couple to each
QD orbital, we reproduce our observation in the model
by linking each resonance to a possibly different AB pe-
riodicity. This simple assumption enables to capture the
main features of the measurement (Fig. 5b).
The coexistence of the two distinct phase behaviours
(Fig. 4 vs. Fig. 5) in the same mesoscopic device is hard
to fully explain, and might be correlated with the exact
coupling mechanism between the dot orbitals and the
leads.
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FIG. 5: Multi-path transport effects. a G vs. EQD and B⊥
exhibiting the evolution of four CPs. Data are taken at back-
gate voltage VBG = −1.5 V. b Calculated conductance as-
suming a multi-path interferometer, details are reported in
the Methods. The white traces in a and b correspond to the
values indicated by the horizontal lines, and the vertical axes
refer to conductanceG in 2e2/h. c Vertical line-cuts of panel a
showing the evolution of AB oscillations across a charge tran-
sition in the QD. Traces are displaced by 0.1·2e2/h for clarity,
except for the orange one taken on resonance. d Top panel:
the trend of the AB maxima across the third CP. The shaded
region indicates the error bars stemming from the uncertainty
in extracting the oscillation maxima that is ∼ 1− 2 mT. Bot-
tom panel: solid and dashed lines are horizontal line-cuts of
panels a and b, respectively, at the position indicated by the
blue/black lines.
III. DISCUSSION
In summary, we report interferometric measurements
on a quantum dot embedded in a network of four con-
joint InSb nanowires. The observation of pronounced
quantum interference in the cotunnelling regime and the
presence of Fano resonances suggest that interferome-
try is a viable tool for parity read-out of future topo-
logical qubits in nanowire networks. Theory suggests
that the transmission probability of a semiconducting-
superconducting quantum dot in the topological regime
should exhibit phase plateaus [15, 16]. However, trans-
mitting channels other than the teleportation via Majo-
rana bound states were not taken into account. In exper-
iments, extended topologically trivial modes without an
underlying topological bulk phase can mimic Majoranas.
Hence, quasiparticle transport via these modes might of-
fer parallel paths to the Majorana teleportation [42, 43].
Altogether, these can cause phase lapses that hinder the
simple correspondence between the transmission phase
and the electron parity. We conclude by remarking that
future interferometers for parity-state discrimination via
phase read-out should be designed with a large ratio be-
tween circumference and nanowire diameter.
IV. METHODS
Device fabrication:
InSb networks are grown by combining the bottom-up
synthesis of four monocrystalline nanowires and the
accurate positioning of the nanowire seeds along trenches
on an InP substrate. Further details on the nanowire
growth are presented in refs. 23 and 24.
After the growth, we transfer nanowire networks from
the InP growth chip onto a p-doped Si/SiOx substrate
(oxide thickness of 285 nm) using a mechanical nanoma-
nipulator installed in a scanning electron microscope.
Ti/Au contact leads are patterned using electron-beam
lithography and e-gun evaporation, following surface
treatment of the InSb for 30 minutes in a sulfur-rich
ammonium polysulfide solution diluted in water (1 : 200)
at 60◦C. The devices are covered with ∼ 30 nm of
sputtered SixNy acting as a gate dielectric. The second
layer of Ti/Au electrodes is patterned and evaporated
to define the top gates. The chip is then diced, mounted
and bonded onto a commercial printed circuit board.
Transport measurements:
The device is cooled down in a dry dilution refrigerator
equipped with a 6-2-2 T vector magnet. The base
electron temperature is Tel ∼ 35 mK. Conductance
across the device is measured via a standard low-
frequency lock-in technique at an AC signal amplitude
of δVAC ∼ 20µV. The data presented in the main text
and in Supplementary Figures 2, 3, and 4 are taken
from a single device. In Supplementary Figures 5 and 6,
we present data taken from a second and third device,
respectively. The AC conductance in Figs. 2, 3, 4, and
Supplementary Figure 4 was corrected for a constant
offset that was later identified to arise from the setup.
Model of the Aharonov-Bohm interferometer:
The Landauer formula (G = (2e2/h) · T ) connects the
single-channel conductance of the system with the trans-
mission probability T . In Fig. 6, we show a schematic
of the multi-path Aharonov-Bohm interferometer (a sim-
ple generalization of the single-path counterpart) next
to an illustration of the actual device. The QD elec-
trochemical potential ladder is represented as a series of
discrete states, separated by the charging energy Ec =
e2/C [26]. For the single-path case, hopping terms JL
and JR couple the source (L) and drain (R) to the QD,
6JL(n)
ᵋ
Φ
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L R
 ref
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FIG. 6: The multi-path interferometer. a Illustration of the device: in red the nanowire, in gold the leads, in copper the gates
and in pink the quantum dot. b Schematic of the device: the quantum dot exhibits a density of states (DoSQD) comprised
of discrete levels with distinct energy broadening. In the model, we assume that the dot states might couple to different
interferometer trajectories that are sketched as rings of different colour.
respectively, with the Aharonov-Bohm phase included
in JL = jL · exp(i2piΦB/Φ0), and jL and JR being real
parameters. ΦB is the magnetic flux through the loop.
When multiple-path are considered, we define the phase
of JL as 2piΦB/Φ0[1+x(n)], with the parameter x(n) dis-
tinct for every CP.
The reference site has a slowly varying spectrum that we
will assume for simplicity to be constant. The leads are
assumed to be one-dimensional (lattice constant a) with
hopping matrix elements −J and a typical energy dis-
persion of ε = −2J cos(ka). The resulting transmission
probability T through the AB interferometer is [37]:
T =
4|SLR|2 · sin2(ka)
||SLR|2 − (SLL + e−ika)(SRR + e−ika)|2
(2)
with
SXY =
N∑
n=0
JX(n)JY(n)
∗
J (ε− EQD + En) + tref (3)
where En represent the positions of the N levels relevant
in the tunnelling process on the EQD-axis. For the fit
of our results, we add an offset to eq. (2) to capture the
incoherent contribution of the current through the device.
V. DATA AVAILABILITY
The data that support the findings of this study
are available at https://doi.org/10.4121/uuid:
9e625b55-11cf-4de2-8b81-32b5bf04d53d.
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9Supplementary Note 1. Transfer of nanowire network devices
10 μm
1 μm
1 μm
a b
ctransfer needle
InSb network
Ti/Au contacts
Ti/Au gates on SixNy
Supplementary Figure 1: Transfer of the InSb nanowire networks. a Mechanical transfer of a nanowire network with a
nanomanipulator in a scanning electron microscope. The device is placed in the vicinity of pre-patterned alignment markers.
b, c Scanning electron micrographs of the device after the fabrication of the Ti/Au contacts and the Ti/Au top gates that are
deposited onto a dielectric layer of SixNy, respectively.
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Supplementary Note 2. Back-gate dependence
Supplementary Figure 2: G vs. VBG at 10 mV bias voltage. The conductance increases linearly with respect to the global
back gate in agreement with the Drude model. The blue and red arrows at 1.5 V and −1.5 V, respectively, indicate the two
working points at which the data discussed in the main text are taken. In the second case, the electron density (roughly
proportional to the conductance) is only ∼ 20% lower than in the first case. Therefore, we can conclude that the quantum dot
is in both cases in the many-electron regime.
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Supplementary Note 3. Fourier spectrum of the magneto-conductance oscillations
Supplementary Figure 3: Averaged Fourier spectrum of the magneto-conductance oscillations. Eight different magneto-
conductance traces are measured and filtered with the Savitzky-Golay algorithm to remove slow oscillations such as universal
conductance fluctuations. The Fourier transforms are then calculated and averaged to obtain the trace in the figure. The
light blue window identifies the width of the spectrum expected from the area enclosed by the loop. The peak maximum at
55 T−1 corresponds to the Aharonov-Bohm periodicity of 18 mT and perfectly matches the expected value considering the area
enclosed by the centre of the interconnected nanowires. A smaller, but discernible peak at 110 T−1 indicates the presence of
Altshuler-Aronov-Spivak oscillations.
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Supplementary Note 4. Additional data in the multi-path Aharonov-Bohm regime
Two methods were used to study the phase evolution of the magneto-conductance oscillations for the device discussed
in the main text. The data shown in Figs. 4 and 5 are taken by sweeping VPG as the fast axis and B⊥ as the slow
axis. Oppositely, in Supplementary Figure 4 we present data taken with B⊥ and VPG being the fast and slow axis,
respectively. The data presented here are taken at VBG = 1.5 V as in Fig. 4 of the main text. For each value of VPG
(proportional to EQD) the maxima of the AB oscillations are tracked, and their positions in B⊥ are converted into the
transmission phase ϕ via the AB periodicity and plotted in Supplementary Figure 4a. In Supplementary Figure 4b,
we show the corresponding conductance trace (blue data points) exhibiting CPs. The phase displays a rapid evolution
close to the charge degeneracy points. At the two inner CPs, the phase ϕ evolves by ∼ pi, and gradually shifts back
to the original value. For the first and fourth CPs, the variation is much smaller than pi. For all displayed Coulomb
valleys, the phase is neither constant, nor does it exhibit a rapid phase lapse. Instead, gradual variations are observed,
compatible with the picture discussed in the main text in which multiple trajectories with different enclosed areas in
the nanowire interferometer couple to different QD orbitals.
a
b
c
Supplementary Figure 4: Additional data in the multi-path Aharonov-Bohm regime. a Phase ϕ of the magneto-conductance
oscillations as a function of EQD, b G vs. EQD exhibiting four CPs. c Aharonov-Bohm oscillations measured in the proximity
of the second CP. δG is obtained by subtracting a slowly varying background from the magneto-conductance traces. The green
circles identify the maxima of the oscillations in the first period. The traces are displaced for clarity.
Supplementary Note 5. Phase variations and fundamental symmetries
The top panel of Fig. 4d in the main text shows that the transmission phase swings from 0 to pi at resonance over
an energy range of ∼ Γ . This continuous variation differs significantly from what has been reported in the pioneering
experiment of ref. 1 where the phase was mysteriously locked to 0 and pi with abrupt switches in between. Later on,
their finding was understood in term of fundamental symmetries.
Time-reversal symmetry imposes, in fact, the two-terminal conductance to be an even function of the magnetic field
(the Casimir-Onsager relation: G(B) = G(−B)). In an Aharonov-Bohm interferometer, the conductance displays
sinusoidal oscillations on top of a background, and the symmetry around zero field imposes on their phase to assume
only two values: 0 or pi. However, in our experiment we find the opposite: the phase variation at resonance is smooth
and not abrupt. We associate this behaviour with the fact that time-reversal symmetry does not hold in our context
due to the large magnetic fields applied.
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Supplementary Note 6. Fitting results
A. Main text Fig. 3
We obtain the dashed lines in Fig. 3a by fitting each peak independently with the single-trajectory model Aharonov-
Bohm interferometer. For this and other fits, we use J = 1 and ka = 1.57 ∼ pi/2 similarly to ref. 2. The phase of JL
is a fitting parameter that is not relevant and therefore not displayed. We report the other values in Supplementary
Table 1 subdivided into the three characteristic regimes in Fig. 3a.
Regime
Average parameter low tref (green trace) medium tref (blue trace) high tref (orange trace)
jL (µeV) 31± 1 34± 6 14± 8
JR (µeV) 140± 6 202± 17 206± 26
tref < 10
−3 0.04± 0.01 0.28± 0.02
Supplementary Table 1: Average and standard deviations of the best-fit parameters of four peaks in the three different
regimes in Fig. 3a of the main text.
B. Main text Fig. 4
We obtain Fig. 4b by fitting the data of Fig. 4a with the single-trajectory model Aharonov-Bohm interferometer
with N = 2. The fitting procedure is facilitated by fixing two parameters globally (i.e., for the entire measurement): a
constant offset to the traces of 0.02 ·2e2/h and tref = 0.07. The phase of JL is an independent parameter that increases
with the magnetic field along the y-axis. We display in Supplementary Table 2 the best-fit parameters averaged along
the magnetic field axis. Peak numbers are ordered from left to right.
Peak number
Average parameter 1 2
jL (µeV) 192± 22 182± 12
JR (µeV) 57± 10 59± 5
En (meV) 0.241± 0.001 0.618± 0.011
Supplementary Table 2: Best-fit parameters averaged along the magnetic field axis of Fig. 4. The errors presented are the
standard deviations of the distributions of the parameters.
C. Main text Fig. 5
In order to obtain Fig. 5b of the main text, we first consider the line-cut of the data at B⊥ = 0.667 T and fit
the peaks independently with the single-path interferometer model. We fix some of the parameters to simplify the
procedure as tref = 0.05 and the added offset to the trace at 0.06 · 2e2/h. In this procedure, the phase of JL is used
as a free parameter and not relevant here. The other values are shown in Supplementary Table 3, where the peak
names in Fig. 5a are ordered numerically from left to right.
We then extrapolate the trace with the best-fit parameters by varying the phase of JL and adjusting the values of
x(n) ∈ [0.025, 0.01, 0, −0.016] to qualitatively reproduce the experimental data.
Peak number
Parameter 1 2 3 4
jL (µeV) 178± 2 165± 4 153± 5 167± 2
JR (µeV) 33.4± 0.2 60.9± 0.1 51.4± 1.1 37.3± 0.04
En (meV) 2.000± 0.001 2.293± 0.002 2.710± 0.002 3.092± 0.001
Supplementary Table 3: Fitting parameters obtained at B⊥ = 0.667 T of Fig. 5a in the main text.
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Supplementary Note 7. Cotunnelling Aharonov-Bohm effect in a second device
Here, we report additional measurements of Aharonov-Bohm interference in the cotunnelling regime for a second
device. The electron density in this device (Supplementary Figure 5a) is tunable by voltages on a global back gate
and several top gates. The top dielectric used here is Al2O3 grown via atomic layer deposition. A T-shaped quantum
dot is formed in the bottom branch of the interferometer and has a charging energy of Ec ∼ 0.5 meV, with the tunnel
coupling to the leads adjustable using the tunnel gates T1 and T2. Although the conductance around VSD = 0 is
strongly suppressed owing to the Coulomb blockade (inset of Supplementary Figure 5b), the magneto-conductance
exhibits clear Aharonov-Bohm oscillations with a periodicity of 9 − 11 mT (Supplementary Figure 5b, main panel).
The oscillation amplitude is sizable despite the cotunnelling conductance being as low as ∼ 0.025 · 2e2/h. This value
corresponds to a typical dwell time in the QD in the order of 5− 10 ps. The magnitude of the Fast Fourier Transform
(FFT) of these oscillations is displayed in Supplementary Figure 5c, together with the FFTs of the AB oscillations at
gradually stronger cotunnelling conductance, until the Coulomb blockade is fully quenched (red trace corresponding to
the ’open regime’ with G ∼ 2e2/h). We observe here that the width of the FFT peak of the AB signal increases when
quenching the Coulomb blockade by making the barriers more transparent (in particular, see the difference between
the red and the other traces). This fact might suggest that, when the quantum dot is defined, fewer trajectories play
a role in the transport through the interferometer, reducing the spread of the enclosed area.
500 nm 
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BG 
T1 T2 PG 
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a
b
c
VSD + δVAC
EG 
Device 2
Supplementary Figure 5: Cotunnelling Aharonov-Bohm effect in a second device. a False-color scanning electron microscopy
image of a second device. A quantum dot with a T-shape is formed in the bottom branch of the network by applying negative
voltages to the two tunnel gates (T1 and T2). The induced charge is tuned via the plunger gate (PG). We use the top branch of
the network as the reference arm of the interferometer, with a transmission tunable by the reference gate (RG). b Differential
conductance G at zero bias voltage VSD as a function of the perpendicular field B⊥ in the cotunnelling regime manifesting
AB oscillations with a period of ∼ 9 − 11 mT. Inset: G vs. VSD taken at B⊥ = 0.34 T. c Magnitude of the Fast Fourier
Transforms for different tunnel gate settings. The legend indicates the average value of the cotunnelling conductance of the
raw magneto-conductance traces.
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Supplementary Figure 6: Aharonov-Bohm temperature dependence of the second and third device. a, e Scanning electron
micrographs of devices 2 and 3, respectively. b, f Typical magneto-conductance traces for the two devices exhibiting oscillations
superimposed on a slowly varying background. c, g Average of several Fast Fourier Transforms of oscillations at two different
temperatures fitted with a Gaussian in c and a sum of two Gaussians in g. The yellow shaded area denotes the expected range
of the first harmonic (Aharonov-Bohm) according to the sizes of the loops. In d, h the temperature dependence of the AB
amplitudes is presented for both the devices (orange points). Black and grey traces are the best fits of the data.
Supplementary Note 8. Temperature dependence of the Aharonov-Bohm effect
In Supplementary Figures 6a and 6e, we show the scanning electron micrographs of two nanowire loops (second
and third devices) used to study the temperature dependence of the Aharonov-Bohm oscillations. In Supplementary
Figures 6b and 6f, we plot two typical magneto-conductance traces of each device. They both exhibit AB oscillations
superimposed on a slowly varying background. In the data analysis, we subtract this background and calculate the
Fast Fourier Transform. The amplitudes AFFT shown in Figs. 6c and 6g are the averaged Fast Fourier Transforms of
several scans taken in the same magnetic field window. The peaks in the spectra are fitted with a Gaussian obtaining
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the power spectrum of the AB oscillations AAB. For the third device, we find that the sum of two Gaussian curves
better describes the broad FFT peak due to the presence of the second harmonic. In panels d and h, we demonstrate
the decrease of AAB as a function of temperature. The amplitudes of each harmonic (with index n) are expected
to decrease as exp(−n · L/lφ), with lφ being the phase coherence length and L being the effectively travelled path
length [3]. In ballistic systems, we have lφ ∝ T−1, while lφ ∝ T−1/2 in the diffusive regime [4]. We fitted the
experimental decay of the Aharonov-Bohm amplitude with the function A · exp(−αT k), with free parameters A, α, k,
and the Aharonov-Bohm phase coherence length defined as lφ = (L/α)T
−k. The best-fit curves are shown in black,
and correspond to kbest = 0.72 and kbest = 0.45 for the second and third devices, respectively. For comparison, we also
show the best-fit curves obtained for k = 1. The values of the fitted exponents k reflect the nature of the transport in
the semiconducting loops, which is in the crossover between completely ballistic and diffusive. In fact, the typically
travelled length is ∼ 1µm, which is only a few times larger than the estimated mean free path of ∼ 0.1−0.3µm [5, 6].
We expect that at higher temperatures and for the longer loops (cf. device 2) the diffusive model with k = 0.5 captures
the experimental trend better than the ballistic one, but the experimental data do not provide conclusive evidence.
From our analysis, we derive lφ(35 mK) =
L
αT
−k ∼ 8µm for the second device, and lφ(35 mK) ∼ 2.5µm for the third
loop. It can be argued that these values are probably underestimating the actual coherence length since the amplitude
of the AB oscillations (more generally all odd harmonics) are additionally suppressed by the energy averaging effect.
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